INTRODUCTION
That man can accidentally make, or spread, many poisons throughout the environment has been known for thousands of years. The mercury mines in Spain, the sulphur mines in Sicily, the tin mines in Cornwall-with arsenic in the ore-have all taken their toil of human life. In each case, health effects were obvious and noticed. The "official" discovery of a major chronic occupational problem was the observation by Percival Pott 200 years ago that chimney sweeps died of cancers of the scrotum, while most others did not.
These effects on health have one feature in common. They involved massive doses of the poisonous pollutant to relatively few people, most of whom died as a result.
For many years, it was the prevailing view that in small doses pollutants and poisons were harmless and that they only become harmful after a threshold dose level or concentration is exceeded.
When it became clear that some people died at dose levels where others remained unaffected, the idea became prevalent that there is a distribution of individual sensitivities and if one could know in advance one's own sensitivity, one could avoid problems merely by refraining from exposures at greater than the level of sensitivity. We would expect that if the sensitivities are genetically determined, natural selection would lead to thresholds of sensitivity above the natural background levels.
This viewpoint was modified by a consideration ofcancer incidence, particularly radiation induced cancers. A completely different theoretical idea arose [1] that it is a random process which determines whether or not a person's cells are modified enough to become cancerous, but that people need not have different inherent sensitivities. Moreover, cancer is mostly environmentally and not very genetically determined. Present theory does not separate these-but considers that both genetic effects and environmental effects contribute, particularly in multi-stage cancer theories.
We are therefore led to consider several possible relationships between cancer incidence and concentration of the pollutant. Curve A in Fig. 1 has an approximate threshold below which no cancers are formed; curve B shows a relation in which the incidence is proportional to dose in accordance with this theory; and in curve C low doses are relatively more important in inducing cancers. For convenience I consider that curve A also approximates a relation in which cancer incidence varies as the square of the dose at low levels, leading to an approximate threshold level. The difference among these three dose response relationships is vital for our attempts to reduce pollution related diseases and other health problems. Our knowledge of the effects of a pollutant usually comes from only a small number of exposed persons-perhaps 1,000. Ifone person in this group dies each year, after 10 years we have a 1% effect which is just statistically significant. Ifthe same exposure is given to 200 million people, we expect 200,000 deaths a year [2] ! What happens if we expose these 200 million people to an exposure reduced by a factor of 100? According to curve A, few people-or no one-dies; according to curve B, 2,000 people die per year; and according to curve C, many more than 2,000 people die per year. In most cases we have no way of directly distinguishing between these three curves and we must depend upon the best theoretical understanding we can achieve.
Since we do not deliberately expose people to pollutants, we must supplement our information with animal experiments, but animal experiments are also performed with far fewer animals than desirable.
Work with chemical toxicity where the effects are reversible led medical men to believe implicitly in a threshold-below which no effect can occur. This beliefwas then extended to cancer which seems to be an irreversible change, but this is now changing.
THE LINEAR THEORY
The hypothesis that cancer incidence is linear at low doses with applied dose of pollutant had its origins in radiation carcinogenesis where the probability ofcancer is assumed to be directly related to the random probability that an individual cell has a mutation from the radiation insult [3] . This is clearly an irreversible effect. At low radiation doses, the number of mutated cells will be proportional to the radiation dose. This theory-sometimes called the "one hit" theory-cannot explain some of the important features of cancer incidence.
A further development of the one hit theory is a multistage theory of carcinogenesis [1, 4, 5] ik from a theory in this brief summary but in fact, this formula is a fit to the observed cancer incidence. ' The brilliant feature of the Armitage-Doll work is the deduction of the theory from the formula.
Although this theory assumes a particular mechanism, the same formula can be obtained from several mechanisms. However, they have in common several features which are generally experimentally correct.
(a) There is a latent period between an individual insult and the cancer observed.
(b) A synergism is predicted whereby cancer incidence can be proportional to the product of the concentration of 2 substances instead of the sum of concentrations. This has been observed for radiation and smoking, for asbestos and smoking.
(c) If an individual substance causes only one of the insults then the cancer incidence is linear with the concentration of that substance as often observed.
(d) Any initial genetic susceptibility can be subsumed into one of the k+ 1 stages as having already provided one insult.
I do not wish to go into detail about these theories, but I do want to emphasize that inherent in models of this type, particularly those which assume linearity, is that the parameter which matters is the concentration of the substance averaged over a long time-an appreciable fraction of a lifetime.
Many scientists find this to be a convenient formula since it describes so much of the data and there seems no doubt that it is at least partially correct.
A further feature about a cellular theory of cancer is that it is probable that environmental insults that cause cancer can also cause mutation ofcells in a culture [6] (mutagenesis), and mutation of genetic material (teratology). This field, teratology, is not, however, strongly related experimentally. It is also likely that cell changes can lead to increased heart disease (as seen in cigarette smokers). A study by Meselson [7] shows that mutagenesis (as measured by an Ames test) and carcinogenesis (as measured by lifetime animal feeding studies) are proportional for a large number of compounds (Fig. 2) [7] .
The linear theory has one profound but simple consequence. If the quantity of a carcinogen is constant and randomly distributed throughout the environment, the total number of cancers produced is constant to within the square root of that number. This is in contrast to a theory with a threshold whereas a pollutant is diluted to smaller and smaller concentrations, its total effect eventually vanishes when the concentration drops below the threshold.
The linear theory has some ability to correlate data and some predictive power, so that the bias in favor of a theory with a threshold has tended to disappear. Although we would like to leave it to experimental data to decide whether there is a threshold, this data is hard to obtain. Moreover, as will be seen under the air pollution section, it is now considered reasonable and proper to consider linear relationships for phenomena other than carcinogenesis if such relationships are indicated, or not denied, by the data. Another dose response relationship, similar to curve A, has some currency [8] . This is to assume that the individual sensitivities are distributed normally against the logarithm of the dose. In fitting the experimental data to A d% such a plot, there are two adjustable parameters instead of one and the data often fits the log normal curve better than the linear one. Its use has been limited to cases where government agencies have demanded an unreasonably low level of risk.
DEVIATIONS FROM LINEARITY There are various theoretical reasons for expecting to find a deviation from linearity. At high doses, a linear curve would suggest that a person can die ofcancer twice or thrice which is clearly impossible, so the cancer probability cannot continue to be proportional to the dose at high levels. This is already taken into account in the equation of the Doll-Armitage theory.
At low doses we might expect that there is a repair mechanism that repairs mutated cells before the last mutation allows a cancer to form. If this repair mechanism can repair quickly all cells at any rate up to a certain maximum, the dose that mutates the maximum number of cells that can be repaired is the threshold dose. Alternatively, the repair mechanism, which might vary from person to person or between illness and health, might be proportional to the number ofmutated cells present. In this case only the probability has been changed. Many people have noted, and it is particularly pointed out by Peto [9] that ifthere is already so much of a pollutant that cancers produced by it are common, an additional dose of this pollutant or any dose of a pollutant which gives cancer by the same mechanism produces an effect linear in the incremental dose. This is shown in Fig. 3 Peto (1976) showing that a small incremental dose ofpollutant (below a threshold level) can produce an increment in mortality in the presence of a background of pollution, whereas it may produce no mortality in the absence of a background.
Chromium and selenium, for example, have been identified as carcinogens, and yet chromium is known to be necessary for life at concentrations of 50 parts per billion in total food intake. It is natural to imagine that there is a threshold, somewhat above 50 ppb, where chromium causes no cancers. However, there is no direct evidence on this point and it is not necessarily true. It is possible that a substance can be necessary for one part of a body's function while providing the risk of destruction of another. While in this case avoidance of chromium intake leads to catastrophe, excessive intake can well be avoided.
RADIATION
The data on radiation carcinogenesis in man comes from a variety of man's mistakes. Some of the principal ones are: * Many survivors of the atomic bombs at Hiroshima and Nagasaki suffered radiation induced leukemia and other cancers [11] . * In treating patients for ankylosing spondylitis medical men in England gave massive radiation doses to the spine and many patients developed cancers [12] . * For painting luminous dials on clocks and watches many workers sucked their paint brushes and ingested radium and suffered cancers [13] . * Many women were given diagnostic x-rays during pregnancy and some oftheir children developed childhood cancers [14] . Each ofthese give a dose response relationship which is roughly linear; in the last of these effects were observed at a dose as low as 1 roentgen-6 times the natural background (Fig. 4) . In spite of this, it is possible that there is, for healthy adults, a threshold for radiation effects at a dose of 5 Roentgens or greater. This is suggested by the experience of the radium dial painters-no cancers more than the usual have been observed below 800 rem cumulative bone dose.
There have also been a number of experiments by exposing animals to radiation. These give very similar effects and the incidence can be roughly related to human data.
These animal data have recently been extensively reviewed [15] and suggest strongly that at low dose rates the effects of radiation may be less than would be indicated by a linear relationship. This suggests that levels of up to twice natural background radiation will give few or no cancers, provided that the dose comes at a slow rate and is due to ionization by minimum ionizing particles. This applies in particular to external radiation from radioactive material, cosmic rays at sea level, and nuclear power radiation both from normal operations and the aftermath of accident [16] . However the cosmic rays at higher elevations (Denver) and at airplane altitudes contain neutrons which give much of the dose; inhaled radon gas from building walls or uranium mine tailings produces alpha particles which give more than the minimum ionization. These may not have this low dose rate reduction. Also, the dose from x-rays and airplane flights may be given in too short a time interval to "qualify" for this reduction.
CHEMICAL CARCINOGENS
The data on cancers produced in men by chemicals leads to very few well measured dose response relationships. Alinear response has been seen in a study of cigarette smoking by English physicians [17] The threshold was chosen to be a level where no short term health effects had been observed, with a suitable safety margin. This was as a result of a very careful survey of data on a small number of people [21] .
The effects of sulphur oxides on people are mostly irritation of the bronchial tract. It transpires that careful measurements on animals by Amdur [22] and co-workers show that the resistance to bronchial flow in guinea pigs is in direct proportion to the sulphate concentration but the sulphates (sulphuric acid, zinc ammonium sulphate) which are produced by chemical action ofthe sulphur dioxide in power plant plumes are more irritant than others which come from natural causes (sodium sulphate or sulphur dioxide).
For a given mass of pollutants, the resistance is greater for small particles-just the size that escape the electrostatic precipitators of a power plant. The sodium sulphate particles that form naturally in the environment come in larger particulates which get filtered in the nasal passages.
These are also some large scale epidemiological surveys. A study shows that incidence ofbronchitis in 7 Japanese cities [23] These data are consistent with a linear relationship between mortality and sulphate concentrations with no threshold above the ambient levels and for public policy purposes this linear relationship should probably be used.
The differences between the threshold approach and the linear no threshold approach is considerable. Most However, a comparison of risks and benefits has many further problems [45] . Benefits are not easy to quantify; one man's benefit may be another man's loss of life. However, we can usually put a figure on the cost to reduce the pollutant level. Then we can ask the question, how much must we spend to reduce the risk to human An overoptimistic assumption of a threshold makes only a small difference among the few workers occupationally exposed, but could lead to many more cancers among the more numerous public. Accordingly, I believe that prudent public policy demands the assumption of linearity for exposures to the general public until further information is available. This has already been taken into account by some new EPA regulations [46] . The average exposure of the 5 million Americans near PVC plants will be less than 1 part per billion ofvinyl chloride in the air, leading to less than 1 cancer in 2 years even on a linear theory. This is as close to zero as it is reasonable to come.
It would, however, bring industry to a standstill if we were simultaneously to calculate risk with a linear dose response relationship and also to demand that no worker, in any respect, has a larger risk than other members of the public. What we must reasonably demand is that no worker, by virtue of his job, should have a risk appreciably larger than other workers unless this is made abundantly clear and, in extreme cases, there is some compensation, financial or otherwise.
In preparing rules for occupational exposure we must note that the studies of childhood cancers caused by x rays during pregnancy suggest that the infant fetus is 5-10 times as sensitive as an adult, even taking the linear dose effect relationship for the adult, and there may be no threshold for a fetus although one develops later for an adult. Accordingly, children under 18 and pregnant women are discouraged from being occupationally exposed to radiation and fertile women are discouraged from having x-rays during the time of the month when they might become pregnant [47] . We should expect the same effect to occur for chemicals, and they may even be more important since the inhibitory mechanisms before the chemical gets to the cell may also be absent in utero. 
